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The publisher does not give any warranty express or implied or make any representation that the contents will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses should be independently verified with primary sources. The publisher shall not be liable for any loss, actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly or indirectly in connection with or arising out of the use of this material. Introduction All materials exposed to seawater undergo the wellknown phenomenon of fouling, consisting of the formation of unwanted deposits that cover the surfaces in contact with the water (Characklis 1990; Cloete et al. 1992) . The main problems caused by fouling in industrial heat exchangers are: (1) a reduction in heat transfer and an associated loss in thermal efficacy, and (2) increasing maintenance and operational costs due to frequent cleaning, unscheduled outages and premature replacement of the equipment, since fouling frequently promotes corrosion (Characklis 1990; Petrucci and Rosellini 2005; Eguı´a et al. 2008b) . In order to minimize this phenomenon, biocides are usually employed as antifouling (AF) agents to reduce deposit accumulation (Nebot et al. 2006) . Sodium hypochlorite (NaClO) is the most commonly used AF agent due to its low cost (it is frequently electrolytically generated from seawater) and high effectiveness (Characklis 1990 ). Nevertheless, the serious toxic effect of chlorine and its reaction products in the seawater environment (eg formation of chloramines and haloforms), has been recognized (Jenner et al. 1997) . For this reason, in accordance with Best Available Technology (BAT), it is important to find new AF products which can safely used in the environment and that do not produce toxic residues in the cooling waters. Recently, investigations have focused on the study of new solutions for fouling mitigation. Cristiani (2005) evaluated alternative chemicals to chlorination, such as chlorine dioxide, peracetic acid and quaternary ammonium salts. Also, natural biocides have been observed to be able to mitigate the problem of biofouling on structures in contact with seawater (Eguı´a and Trueba 2007) . Additionally, the validity of physical water treatments such as pulsed electric fields (Cho et al. 2005) or flow inversion (Eguı´a et al. 2008a ) and the use of catalytic materials (Lee et al. 2006) were recently evaluated for fouling control.
Efficacy of different antifouling treatments for seawater cooling systems
The AF product Mexel 1 432 (EPA Registration No. 69100-1), is a mixture of surfactants based on aliphatic amines, in which the main active ingredient is (alkylamino)-3 aminopropane (1.7%). These amines act as surfactants, so they are called 'filming agents', and due to their surfactant nature adhere to wetted metal, plastic, concrete, glass and other surfaces to form a repellent film preventing organisms from forming a fouling layer (Sprecher and Getsinger 2000) . These aliphatic amines are also effective in macrofouling control and can be used as an alternative to chlorination (Giamberini et al. 1994) . Also, Mexel 1 432 rapidly biodegrades in natural seawaters (Lo´pez-Galindo et al. 2010) .
Ultraviolet (UV) radiation is also demonstrated to be very effective in the control of specific species of bacteria (Clark et al. 1984) and has almost no influence on the chemical composition of the water (Cloete et al. 1992 ). This treatment is in general used to treat small volumes and the viability of this method for large volumes of water has not been sufficiently studied. A disadvantage of this method lies in the fact that the apparatus necessary for the application of UV light is expensive and requires careful maintenance and supervision.
The aim of this study was to evaluate fouling mitigation using two chemical AF compounds, viz. NaClO (the most common AF agent) and aliphatic amines (as Mexel 1 432), as an alternative product. Also, the AF performance of UV radiation was studied as a physical treatment, where no chemical addition is required. The experimental in situ work was carried out using a portable pilot plant which was located at 'Los Barrios' coastal power station (Bay of Algeciras, Southern tip of Spain). The results obtained in the present research may be useful in further understanding of the process of fouling formation under different AF treatments.
Materials and methods

Description of the pilot plant
The experiments were carried out by means of a portable pilot plant, specially designed and operated to study biofilm development under different treatments in controlled conditions for the evaluation of their effectiveness. The pilot plant basically consists of a shell-and-tube heat exchanger, with four titanium tubes 3100 mm in length inside a PVC shell. To avoid galvanic corrosion, PVC has been employed for all the ancillary piping and fittings in contact with seawater, as well as for the main heat exchanger (excluding, obviously, the tubes to be tested). In order to simulate condenser conditions in the real power plant, four metallic tubes, of titanium grade 2, were heated on the shell side by a freshwater closed system to maintain a tube surface temperature equal to that in the real condenser. The hot water temperature set point was 358C with a difference through the shell of only 0.48C, this being achieved by employing a flow rate of 35 m 3 h 71 through the shell, giving a high thermal capacitance to the hot fluid. Cooling sea water flowed once through the heated tubes, as fouling was formed on the inside surface and its flow rate was automatically regulated to maintain a prescribed flow velocity (2 m s 71 ). The plant is equipped with temperature, differential pressure, and flow and Redox sensors which can be controlled by using the SCADA software Proficy HMI/SCADA -CIMPLICITY (General Electric Company). A diagram of the experimental system is presented in Figure 1 , where the different circuits can easily be recognized. The complete description and detailed characteristics of the pilot plant and its different components can be found in Casanueva et al. (2003) and Nebot et al. (2006) .
Experimental design
An experiment in a pilot plant was designed for in situ evaluation of the effect of different treatments on the mitigation and nature of marine fouling. The research was carried out over a period of 72 days (autumn season, from 27 October 2006 to 7 January 2007), since in previous experiments have shown that after this period of time the growth of fouling entered stationary phase. The experiment began with commercially clean tubes, undergoing different treatments: (A) control (without treatment), (B) chlorine at a residual concentration of 0.2 ppm (legal limit concentration of chlorine for coastal spills in Spain), (C) aliphatic amines (as Mexel 1 432) at 5 ppm for 30 min per day (recommended dosage by the manufacturer) and (C) UV radiation at a dose of 33 mWs cm 72 using a polyethylene chamber with a concentric lamp. The low UV dosage was appropriate to the small concentration of suspension particles in the seawater. Throughout the experiment, the cooling water temperature (in and out), flow rate and pressure drop, as well as the inlet and outlet bulk temperatures in the heating water shell were automatically recorded. From these measured variables, on-line instantaneous data of fouling development was obtained. Also, the characterization of the employed cooling seawater and its seasonal variations, 
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such as physico-chemical and biological parameters, can be consulted in Nebot et al. (2006) .
Analytical method
Chemical measurement
Biocides were maintained at the selected concentration using a dosage pump. These concentrations were measured at the outlet of the corresponding tube. Total residual chlorine (TRC) was measured using the colorimetric DPD (N,N-diethyl-p-phenylenediamine) (APHA et al. 1995) . Aliphatic amines (in the form of Mexel 1 432) were analyzed by methyl orange measurement after extraction with dichloro-1,2-ethane according to Crompton (1982) .
Direct characterization of fouling
Direct measurement of fouling consisted of determining the quantity of fouling collected directly from the fouled support. A stainless steel tool was designed to collect the inner deposit on the tubes. The protocol for fouling extraction was described in Casanueva et al. (2003) , and a diagram of the device is shown in Figure  2 . After fouling removal, analysis of the different parameters was carried out, including: (A) the fouling wet volume, measured after 4 h settling of the collected fouling in an Imhoff cone; (B) the mass of volatile and inert solids (by gravimetric analysis); (C) the layer thickness, estimated as the ratio between the wet volume and the inner surface area of the tube (Casanueva et al. 2003; Nebot et al. 2006) ; (D) the elemental composition of the fouling (C, H, N and S) using an elemental analyzer LECO CHNS-932; (E) the metallic composition of the fouling, including other elements, viz. O, Si, Al, Fe, Ca, K, Mg, Ti, S, P, Na and Cl by means of X-ray diffraction.
Indirect measurements of fouling
The transport parameters analyzed to indirectly estimate the accumulation of the deposit were the frictional resistance (f) and the overall heat transfer resistance (R).
Frictional resistance. Biofouling increases the frictional resistance as the effective diameter of the tube diminishes and the roughness increases. This will result in an increase in pressure drop through the tubes (Casanueva et al. 2003; Nebot et al. 2006) . Frictional resistance was estimated by the Darcy dimensionless friction factor:
Heat transfer resistance. The overall heat transfer resistance (sum of conductive and convective resistances) is expressed by the reciprocal of the overall heat transfer coefficient and was easily determined for every tube tested in accordance with the following equation:
This equation derives from basic equations of heat balance and heat transfer for the cylindrical configuration employed in the present study (Chapman 1984) . By calculating the difference in R between fouled and clean conditions the fouling resistance, DR could be determined. These transport properties were computed and monitored using suitable software (SCADA) for each tube using the values of the on-line measured variables (pressure drops, flow rates and temperatures) and the formulae indicated above. The increase in the heat-transfer resistance coefficient as fouling progressed was thereby assessed (Casanueva et al. 2003; Nebot et al. 2006 Nebot et al. , 2007 . Also, the evolution in f and R was applied to the logistic model proposed in Nebot et al. (2007) and diverse kinetic and statistical parameters were calculated.
Apparent thermal conductivity of fouling
Assuming that the increment in R was only due to the fouling conductive thermal resistance, the apparent thermal conductivities of the fouling layers were calculated from the experimental data. The apparent thermal conductivity (l) of the film was estimated from direct and indirect measurement as the ratio between the thickness of the fouling layer and its thermal resistance. Taking into account that the thickness of the fouling layer was a maximum of 330 mm, the Figure 2 . Diagram of the device for fouling extraction (Casanueva et al. 2003) .
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Results and discussion Effect on the fouling quantity and its composition Table 1 shows the effect of the different treatments on the direct measurement of fouling. In general, all the fouling analyzed was predominantly inorganic. The inorganic content is *3 times higher than the organic matter ( Figure 3 ). This finding is in accordance with the previous results obtained by the authors in other studies carried out in the same area (Bay of Algeciras, Spain), in which it was shown that although the fouling was promoted by bacteria and hence could be called biofouling, the inorganic mechanism of fouling formation was predominant over the biological one (Casanueva et al. 2003; Nebot et al. 2006 ).
On the other hand, the different content of inorganic and organic matter between treatments could be explained by the different characteristics of the AF agents employed. NaClO is a great oxidizer of organic matter, and for this reason the percentage of inorganic matter in the resulting fouling increased (Grasso 1996) . The fouling on the tube treated with aliphatic amines (Mexel 1 432) presented the highest proportion of organic matter in comparison with the other cases studied. This result was expected as these aliphatic amines are organic surfactant that creates a film on the inner surface of the tubes (Giamberini et al. 1994; Sprecher and Getsinger 2000) . In addition, the results obtained for the tube treated with UV radiation were similar to those obtained for the control tube because UV light only inactivates the bacteria present but has no influence on the chemical composition of the water (Cloete et al. 1992; Grasso 1996) . The fouling composition (organic and inorganic matter) suggested that chemical and biological mechanisms of fouling formation were jointly involved. Sheikholeslami (2000) concluded that processes controlling fouling formation are very complex and the interactive effects of biological fouling and inorganic fouling are as yet unknown.
In relation to total solids, all the treatments studied decreased the quantity of fouling with respect to the control value, reducing the mass of fouling inside the tubes of the heat exchanger (Figure 3 ). In this figure it can be observed that all treatments reduced the total solids, although NaClO was the most effective AF agent in terms of mass reduction.
The concentration of the main chemical elements is presented in Figure 4A . Significant differences can observed in the carbon content for all the treatments applied. The fouling treated with NaClO showed the smallest value of carbon and that treated with aliphatic amines the highest. In all cases the fouling presented an analogous content of hydrogen, nitrogen and sulphur. Similar concentrations of these elements on marine fouling were found by Nebot et al. (2006) . Due to the higher organic content, the fouling treated with aliphatic amines and the control tube presented the highest concentrations of metals such as Al, Fe, Ca, Mg and Si, whereas NaClO and UV radiation reduced the concentration of these elements (Table 1 and Figure 4B and C). These elements were incorporated into the fouling by different mechanisms, viz. sedimentation (Si in the form of SiO 2 ), precipitation (Ca and Mg as carbonate), biological assimilation (Ca and Mg as essential elements) and sorption processes (Al and Fe which most likely were integrated into the fouling by adsorption onto organic compounds) (Nebot et al. 2006 ).
Effect on the transport properties
The friction factor (f) showed a progressive increment only for the control tube during the experiment but for the rest of the treated tubes the evolution of f was negligible, so it was not considered helpful for monitoring fouling development because it was not sensitive to any significant degree to fouling formation during the first stages of fouling progression in the treated tubes. The normalized thermal conductivity for natural seawater is 0.48. Nevertheless, heat transfer resistance (R) was a very useful parameter for indicating fouling evolution. This thermal resistance is a crucial parameter regarding plant performance, since an increment in R supposes a loss in the heat transfer efficacy of the particular heat exchanger fouled. Table 2 shows the final increment in R, after a 72-day period, and it was observed that all the treatments employed reduced the negative effects of fouling in a different manner. The evolution of the experimental and predicted (by the logistic model) values of R, are presented in Figure 5 . The kinetic parameters obtained from the model, R max (maximum asymptotic value of R) and k (kinetic coefficient), are shown in Table 3 . It can be noticed that the experimental values of R were a strong fit to the model proposed by Nebot et al. (2007) . In general, R presented a progressive increment over the experimental time, suffering an attenuated growth in the AFtreated tubes compared to the control tube. NaClO presented the lowest value of R max (maximum asymptotic value) followed by aliphatic amines and UV radiation. By analyzing the shape of the R curves, it was observed that aliphatic amines induced a more rapid fouling formation requiring only 16 days to reach half of the film (t 1/2 ). These aliphatic amines are in the group of filming amines and thus immediately tend to create a film in the tubes, which results in a higher initial increment in R in comparison with the other treatments and, consequently, a reduction in the induction period (see Figure 5 ).
Taking into consideration the end of the curves, when a stationary state had been reached, the parameter R max showed similar values for all the treatments, which indicated a similar effectiveness as AF agents even though the accumulated total solids were different (Figure 3 ), probably due to the different nature of the fouling layers.
Thermal conductivity of the fouling layer
The values of the apparent thermal conductivity (l) of the fouling layers estimated for every treatment used are given in Table 2 and showed variations. This parameter shows a direct linear relationship in respect to the percentages of organic matter of the fouling (Figure 6 ).
The calculated values of the apparent thermal conductivity for each particular treatment showed that by using aliphatic amines, l ended appreciably higher than in the remainder of the experiments, according to the different nature of the fouling layer. This fact explains why that R max values when fouling was treated with aliphatic amines were similar to R max values found for NaClO and UV, despite having a much greater quantity of solids.
Conclusions
The results obtained showed that all the treatments tested reduced the quantity of total solids of fouling relative to the control tube, and the nature and amount of fouling accumulated depending on the particular treatment applied. So, NaClO is an effective oxidizer and for this reason the fouling formed under this treatment showed the lowest percentage of organic matter (18.53%), and also the smallest amount of accumulated fouling. The aliphatic amines (as Mexel 1 432) are in the group of filming amines and thus immediately tend to create a film in the tube and the AF performance is based on their surfactant properties, quickly forming a repellent thin film on the inner surfaces of the tubes, hindering fouling progression. This thin film was responsible for the higher proportion of organic matter found in the fouling extracted from the tube treated with aliphatic amines (27.58%). Finally, UV radiation acts as an inactivating Figure 6 . Correlation between the apparent thermal conductivity (l) and the organic matter content.
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treatment, and it is expected that the microbiological processes involved in fouling development are slowed down, but not prevented altogether. For this reason, the properties of the fouling obtained under UV radiation were similar to those of the control tube, although the fouling mass was reduced.
The main inorganic constituents found were Si, Fe, Al, and Ca, which were incorporated into the fouling by different mechanisms: sedimentation, biological assimilation, precipitation and sorption processes. Fouling with a larger organic fraction (in the case of aliphatic amines) enhanced biological assimilation and sorption, and consequently had greater concentrations of Fe, Al, Ca and Mg.
Heat transfer resistance (R) was a very useful parameter for indicating fouling progression, since an increment in R supposes a loss in the heat transfer efficacy of the particular heat exchanger fouled. A kinetic model based on a logistic equation was successfully applied to the thermal resistance curves and accurately predicted the findings, giving the following asymptotic limits for R max (m 2 K kW 71 ): NaClO (0.084), aliphatic amines (0.106) and UV (0.136). These values indicated that NaClO was slightly more effective in comparison to the other AF treatments. The characteristics, principles and mode of action of the different treatments used led to fouling with specific physicochemical properties. One property which stands out in this work is the apparent thermal conductivity, defined as the ratio between the apparent fouling layer thickness (direct measurement) and R (indirect measurement). This thermal conductivity was linearly dependent on the organic matter content in the fouling. Consequently, although aliphatic amine treatment resulted in a greater solid accumulation, this fact was counteracted by the higher thermal conductivity of the resulting fouling.
In summary, it was confirmed that not only the extent but the nature of the fouling formed depended on the particular treatment employed. From a technical and industrial point of view the most useful parameter for fouling monitoring was the indirect measurement of R. Nevertheless, direct measurements used in this research made it possible to estimate the apparent thermal conductivity of the fouling layer, l, which, as well as the other direct measurements in terms of elemental and metallic composition, could contribute to the better understanding of the problem of fouling. 
